We investigated the effect of alloying elements Ni, Al, and Mo on the mechanical properties of precipitation-hardened soft-magnetic stainless steels, whose aging condition and chemical composition were varied. Thermodynamic calculations suggested that the aging treatments led to precipitation of a β-NiAl compound with B2 structure and Fe 2 Mo-type Laves phases. Although coarse precipitates, which are less effective for precipitation hardening, were observed in bright-field images obtained by transmission electron microscopy (TEM), the B2-type precipitates were detected in TEM electron diffraction patterns. By changing the concentration of the alloying elements, the B2-type β-NiAl precipitates were mainly responsible for the precipitation hardening, and the Vickers hardness was hardly affected by the Mo content. Small-angle X-ray scattering analysis was used to determine the size and number density of the fine β-NiAl precipitates, which contributed to the hardening. The high-density β-NiAl precipitates grew to a few nanometers in radius after an adequate period of aging, suggesting that the β-NiAl precipitates were responsible for the precipitation-hardening characteristics. On the other hand, the size of the precipitates was less affected by the amounts of Ni and Al, and the number density decreased with decreasing Ni and Al content. The improvement in hardness resulting from the β-NiAl precipitates had a linear relationship with the square root of the product of the precipitate size and number density.
Introduction
Soft-magnetic stainless steels have been widely used as magnetic core materials of solenoid valves in fuel injectors of automobiles because of their excellent soft magnetic properties. However, since their hardness (typical Vickers hardness of 85-200 Hv) is lower than that required in automobile components (more than 300-350 Hv), surface hardening treatments, such as hard chromium plating and nitriding, are needed in the production of these solenoid valves. Thus, there has been a strong demand for improvements in the mechanical properties themselves to avoid the surface modification process. To obtain high mechanical strength, precipitation-hardened stainless steels have been produced with alloying elements such as copper, nickel, titanium, aluminum, and molybdenum. 1) For example, commercial Fe-17Cr-4Ni-4Cu stainless steel is hardened by precipitating nanometer-sized Cu precipitates. 2) In Fe-20Ni-23Co-0.07Al-0.17Ti steel, the hardening is mainly achieved by precipitating a nanometer-sized Ni 3 Ti intermetallic phase in the austenite matrix.
3) A martensitic precipitation-hardened stainless steel containing nickel and aluminum can be hardened by fine β-NiAl precipitates. [4] [5] [6] [7] [8] On the other hand, there have been few reports on the application of precipitation-hardened stainless steel as a soft magnetic material. Recently, a precipitation-hardened softmagnetic stainless steel containing alloying elements Ni, Al, and Mo has been developed, and it exhibits high hardness (typical Vickers hardness of 370 Hv) with excellent softmagnetic properties as well as corrosion resistance. 9) It is expected that uniformly-dispersed nanoscale precipitates, which are formed upon adequate aging, would contribute to strengthening. However, details of the strengthening mechanism remain unclear because several types of precipitates coexist in the matrix structure.
To further improve the performance of the newly developed precipitation-hardened soft-magnetic stainless steel, detailed microstructural features of the precipitates, such as the crystal structure, size, and number density, need to be characterized; in particular, the size and the number density of the precipitates are dominant factors that determine the mechanical properties of the material. Precipitates formed by aging treatments have generally been studied by transmission electron microscopy (TEM). However, when precipitates measuring several nanometers in size are coherent with the matrix phase, it is generally difficult to analyze their size and shape with TEM. On the other hand, smallangle X-ray scattering (SAXS), which can evaluate a much larger volume than that under TEM observation, can be used to estimate the size and number density of precipitates with high statistical precision. Therefore, SAXS can be a powerful tool for obtaining quantitative information on the growth behavior of precipitates in various metallic materials. Previous studies reported that the size and the number density of nanosized precipitates and oxides in steels were determined using SAXS and/or small-angle neutron scattering to understand the hardening mechanism. [10] [11] [12] [13] [14] This study investigates intermetallic compounds comprising precipitates in a precipitation-hardened soft-magnetic stainless steel alloyed with Ni, Al, and Mo; the variations in precipitation behavior with aging condition and chemical composition were characterized by SAXS. The precipitates were also investigated by using thermodynamic calculations and TEM observation. Based on the analytical data, the strengthening mechanism for this soft-magnetic stainless steel, which is principally dependent on the growth behavior of the precipitates, were determined.
Experimental Procedure
A commercial precipitation-hardened soft-magnetic stainless steel (K-M57, Tohoku Steel Co., Ltd.), which will be referred to as M0 hereafter, and samples with slightly different chemical compositions (M1, M2, and M3) were prepared in a bar shape. These samples were solution treated above 1 323 K. The chemical composition of each sample is shown in Table 1 . According to thermodynamic calculations, which will be discussed in section 3.1, the precipitates β-NiAl and Fe 2 Mo were expected to be formed in the M0 sample. Thus, the atomic fractions of Ni and Al were reduced in the M1 sample compared to those in the M0 sample, and the atomic fraction of Mo in the M2 sample was less than half of that in the M0 sample. In the M3 sample, whose atomic fraction of Mo was considerably small, the atomic fractions of Ni and Al were higher than those in the other samples. The solution-treated M0 sample was aged at different temperatures of 773, 798, 823, 848, and 873 K for 3 h to investigate the growth behavior of precipitates at each aging temperature. The hardness was measured with a Vickers microhardness tester when a load of 980.7 mN was applied for a holding period of 5 s. The hardness values were determined from an average of five different measurements. The type and the volume fraction of the intermetallic compounds formed in the M0 sample were estimated from thermodynamic calculations performed using the ThermoCalc software.
The microstructure was observed by using a TEM (JEM-3010, JEOL) at an accelerating voltage of 300 kV. Thin foil samples were prepared for the TEM observation by mirror polishing and subsequent ion milling (Model 1010, E.A. Fischione Instruments, Inc.).
To evaluate a variation in the size distribution and the number density of fine precipitates when the aging temperature and the chemical composition were varied, SAXS measurements were carried out with an incident beam of Mo Kα, which was collimated to a diameter of about 0.6 mm by using a three-pin-hole optical system. The scattered X-rays were collected on a two-dimensional detector (PILATUS 100K, Dectris) in the transmission mode. The beam path from the collection mirror to the detector was vacuumed to prevent air scattering. The distance between the collection mirror and the detector was 350 mm, allowing values of the scattering vector q (q = 4π sin(2θ/2)/λ) to range from 0.3 to 10 nm
, where λ is the wavelength of the incident X-ray and 2θ is the scattering angle. Samples for the SAXS measurements were polished to a thickness of about 60 μm to obtain an X-ray transmission rate of 20% and then polished to a mirror finish using diamond paste. The exact thickness of the samples at an X-ray irradiation position, t S , was determined from the transmission rate, T S , using the following equation:
where μ S is the linear absorption coefficient for X-ray irradiation. A specimen of glassy carbon with thickness of 1 mm, which had been characterized at Argonne National Laboratory, was used as a standard to convert the measured scattering intensity (counts) into absolute units. Since the background scattering resulting from surface imperfections, concentration fluctuations, and crystal defects overlapped with the intrinsic X-ray scattering by the nanoscale precipitates, the SAXS profile measured with a solution-treated sample, whose precipitates almost disappeared in the metallurgical phase, was subtracted from that of the corresponding aged samples. The average size, size distribution, and number density of the precipitates were estimated by fitting the measured SAXS profile with the theoretical profile calculated from Eq. (2),
where I(q) and ρ are the scattering intensity and the scattering length density, respectively; and V(r) and F(q,r) are the volume factor and form factor of the precipitates, respectively. The normalized number density distribution of precipitates, N(r), at a radius r was assumed to have a log-normal distribution. The square of the increment in a scattering length density, Δρ 2 , is defined as follows: 
Results and Discussion

Thermodynamic Calculations
To predict the phase of intermetallic compounds that were formed as a result of the aging treatment, thermodynamic calculations were performed for the chemical composition of the M0 sample; the results are shown in Fig.  1 . The calculations showed that two types of intermetallic compounds-β-NiAl with the B2 structure and Fe 2 Mo with the Laves-phase structure-would be precipitated. It should be noted that the volume fraction of the β-NiAl phase was predicted to markedly decrease with increasing temperature, whereas the volume fraction of the Fe 2 Mo phase was expected to slightly decrease with increasing temperature. Figure 2 shows the Vickers hardness of the M0 sample as a function of the aging temperature. The Vickers hardness rose with temperature up to 823 K and then gradually decreased with further increases in temperature, indicating that the peak aging temperature of this alloy was 823 K. Generally, higher aging temperatures can induce coarsening of precipitates, thus causing a decrease in the number density of precipitates. Moreover, according to Fig. 1 , the volume fraction of the β-NiAl phase became smaller as the aging temperature increased. Therefore, the decrease in the Vickers hardness above 823 K must have originated from decreases in the number density or volume fraction of the precipitates, or a combination of both factors. Figure 3 shows a comparison of the Vickers hardness of the solution-treated and aged samples, M0, M1, M2, and M3. The aging treatments were carried out at 823 K for 3 h. The M1 sample, which had lower amounts of Ni and Al than the M0 sample, exhibited lower hardness than the M0 sample; on the other hand, the M3 sample, which contained higher amounts of Ni and Al and a much smaller amount of Mo, exhibited higher hardness than the M0 sample. Furthermore, in the M2 sample, which had almost the same Ni and Al content and half the Mo content, no significant difference was observed in the hardness when compared with the M0 sample. These results suggest that the β-NiAl phase exerted a much more dominant effect on the Vickers hardness than the Fe 2 Mo phase.
Mechanical Property
Precipitation Observed by TEM
TEM observations were carried out to clarify the shape and phase of precipitates formed during the aging treatment.
No precipitates were observed in the bright-field image in the solution-treated specimen of the M0 sample (Fig. 4(a) ), and only the ferritic phase was confirmed in the corresponding electron diffraction pattern, as shown in Fig. 4(d) . After the aging treatment of the M0 sample, the presence of needle-like precipitates was confirmed by a strain contrast in the image (Fig. 4(b) ). However, the strain contrast was not observed in the image of the aged M3 sample (Fig. 4(c) ). According to thermodynamic calculations in section 3.1, the precipitates β-NiAl and Fe 2 Mo were expected to be formed in the M0 sample. Because the M3 sample was almost free of Mo, the needle-like precipitates of the M0 sample in Fig. 4(b) were probably the Fe 2 Mo phase. The shape of the Fe 2 Mo precipitates with the Laves-phase structure is consistent with the primarily needle-or a plate-shaped form of Fe 2 Mo precipitates in steels in previous studies. [15] [16] [17] Since the inter-precipitate distance of Fe 2 Mo was approximately a few hundred nanometers, these Fe 2 Mo precipitates were less effective in enhancing the Vickers hardness.
Figures 4(e) and 4(f) show electron diffraction patterns of the aged M0 and M3 samples, respectively. Superlattice spots were observed in the [0 0 1] zone axis pattern of the α-Fe matrix, and they can be indexed as a B2 structure that was coherent with the matrix. According to thermodynamic sample as a function of temperature, which was estimated from thermodynamic calculation.
Fig. 2.
Vickers hardness as a function of aging temperature of the M0 sample that was aged for 3 h. calculations, the B2 structure can be assigned to the β-NiAl phase. Because the presence of the B2 structure was confirmed both in the aged M0 and M3 samples, these β-NiAl precipitates were expected to be effective in enhancing the Vickers hardness. It should be mentioned that precipitates of the β-NiAl phase were not observed in the bright-field images of Figs. 4(b) and 4(c), probably because the coherent precipitates of the β-NiAl phase were substantially fine. Thus, the size and the number density of the β-NiAl precipitates could not be evaluated with the TEM observations. Figure 5 shows SAXS profiles of the M0 samples that were aged at 798, 823, 848 and 873 K and the M1, M2, and M3 samples that were aged at 823 K. Humps were found in the q region of 0.4-4 nm − 1 in the scattering profiles, indicating that precipitates with dimensions of several nanometers were generated. , thus implying that the scattering profiles in Fig. 5 could be principally ascribed to β-NiAl precipitates. Moreover, the scattering intensity was scarcely affected by the Fe 2 Mo precipitates because the scattering length density Δρ 2 (as described in Eq. (3)) of the Fe 2 Mo precipitates in the matrix phase was lower than that of the β-NiAl precipitates. It should be mentioned that a variation in chemical composition of the matrix phase with the formation of nano-precipitates was negligible small. Thus, there is little change in the scattering length density of the matrix phase; therefore, the scattering length density was calculated using the chemical composition listed in Table 1 . The position of the humps in Fig. 5(a) shifts towards lower q values with increasing aging temperature, which means that the size of precipitates increased at higher aging temperatures. However, the humps for the M1, M2, and M3 samples aged at 823 K appear at almost the same q-position in Fig. 5(b) , indicating that the differences in the size of their precipitates were small. On the other hand, the scattering intensity of the M1 sample was lower than the intensities of the M2 and M3 samples, suggesting that the number density of precipitates in the M1 sample was much lower than the densities in the M2 and M3 samples. Oscillations can be seen in almost all of the SAXS profiles in Fig. 5 , which implies that the size distribution of the precipitates was rather small.
Evaluation of Size and Number Density of β-NiAl Precipitates
The expression F 2 (q,r) in Eq. (2), which corresponds to the form factor of precipitates, is defined in Eq. (4) when they are assumed to be spherical shapes: 
. (4)
The theoretical SAXS profiles, based on the assumption that the precipitates were spherical, agree well with the measured profiles shown in Fig. 5 . Previous studies reported that fine β-NiAl precipitates have spherical shapes in the matrix of the ferritic phase of martensitic stainless steels. 4, 5, 18) Therefore, the β-NiAl precipitates should have an isotropic shape. Figure 6 shows variations in the average radii and number density of precipitates in the M0 samples that were aged at different temperatures. The inset in Fig. 6(a) shows the size distribution of the precipitates. The average radius of the precipitates increased monotonically with increasing aging temperature. On the other hand, the number density of the precipitates was almost constant up to the peak aging temperature of 823 K and then decreased at higher aging temperatures. It should be noted that while the average radii of the precipitates in the specimens aged at 848 and 873 K differed from that of the specimen aged at 823 K by a factor of about 2 and 3, respectively, their number density decreased by a factor of about 1/9 and 1/32. More specifically, the decreasing rate of the number density was approximately proportional to the inverse cube of the increasing rate of the average radii at aging temperatures above 823 K. This relationship clearly indicates that Ostwald ripening occurred when the aging temperature was above 823 K. A transition in the major growth mechanism to Ostwald ripening would have been responsible for the decrease in Vickers hardness of the M0 samples that were aged at temperatures above 823 K. It can be calculated from the average radii and the number density of the precipitates that the volume fraction of β-NiAl precipitates in the M0 samples was 0.2, 1.3, 1.3, and 1.0% when they were aged at 798, 823, 848, and 873 K, respectively, for 3 h. These values are lower than the volume fractions of the β-NiAl precipitates in Fig.  1 , which were obtained by thermodynamic calculations, possibly because the thermodynamic calculations were based on a state of thermodynamic equilibrium. It should be mentioned that while the thermodynamic calculations predicted substantial decreases in the volume fraction of the β-NiAl phase with increasing aging temperature, the volume fraction evaluated by the SAXS method was almost constant above 823 K. Therefore, the decrease in the Vickers hardness above 848 K, as shown in Fig. 2 , was less affected by the volume fraction of the β-NiAl precipitates. Figure 7 shows the average radius and number density of the β-NiAl precipitates in the M1, M2, and M3 samples that were aged at 823 K. Although the amounts of Ni and Al in the M1 sample were lower than those in the M2 and M3 samples, the average radius of the precipitates of the M1 sample was almost comparable to that of the M2 or M3 sample. In contrast, the number density of the precipitates of the M1 sample was much lower than those of precipitates of the M2 and M3 samples. Because the M1 sample contained smaller amounts of the alloying elements, nucleation of the precipitates occurred to a smaller degree in the M1 sample than in the M2 and M3 samples. It should be mentioned that the precipitation behavior of β-NiAl was not affected by the differences in Mo content among the M1, M2, and M3 samples.
On the basis of the Orowan equation, a particular mechanical property of alloys, including dispersed hard particles, can be described by the following equation: 19) A is a proportionality constant. can be roughly applied to alloys with different compositions if the intermetallic compounds are identical. 19) The plots roughly follows a linear relationship. The difference between the plots and the line in Fig. 8 might originate from the error in Vickers hardness or the change in the matrix composition with the aging treatments. Thus, it can be safely said that the mechanism to control the hardness can mainly be attributed to the distribution of nanoscale β-NiAl precipitates, regardless of the aging temperature and the Ni, Al, and Mo content, while the Fe 2 Mo precipitation in the alloys was a minor factor in the hardening process.
Conclusions
Soft-magnetic stainless steels containing Ni, Al, and Mo as alloying elements exhibit high hardness while maintaining excellent soft-magnetic properties as well as corrosion resistance. In this work, we analyzed the precipitationhardening mechanism by characterizing the precipitation behavior, namely determining the changes in metallurgical phases, size, and number density, with changes in the aging temperature and the amounts of the alloying elements Ni, Al, and Mo. The main conclusions are as follows:
(1) Thermodynamic calculations suggested that the precipitates were the intermetallic compounds NiAl with the B2 structure and Fe 2 Mo with the Laves-phase structure. TEM observation showed that the Fe 2 Mo precipitates were coarse and sparse. NiAl precipitates were not directly observed in the bright-field image, but they were identified in the TEM diffraction pattern, suggesting that they were finely precipitated.
(2) SAXS analysis revealed variations in the average radius and number density of the NiAl precipitates with increasing aging temperature. While the average radius monotonically increased with increases in the aging temperature, the number density decreased above a peak aging temperature of 823 K, suggesting that Ostwald ripening occurred above this temperature.
(3) The amounts of Ni and Al in the alloys had an effect on the number density of the NiAl precipitates and little effect on the size of the precipitates.
(4) The aging-induced hardness of the soft-magnetic stainless steel was proportional to the square root of the product of the size and number density of the NiAl precipitates; the precipitation of Fe 2 Mo had a smaller effect on the precipitation hardening of the present alloy system.
